A review of mixing elements and devices for microscale fluidic devices is presented. The application, principles and characterisation of these devices is discussed, and the classifications based on these factors highlighted. A review of published works relating both experimental and simulation profiling of both passive and active mixing systems is presented.
INTRODUCTION
The subject of fluidic mixing in microscale geometry has received significant attention in recent years, with a number of authors reporting various methods of inducing and improving mixing. The high surface to volume ratio of microfluidic systems mean that they are suitable to a number of applications, including chemical synthesis (Refs. 1, 2, 3, 4, 5 & 6), DNA extraction and analysis (Refs. 7, 8 & 9) , clinical diagnostics (Refs. 10, 11 & 12) , and continuous analysis systems (Refs. 13, 14, 15, 16, 17 & 18) . For all the applications described above, a major limiting factor of the device effectiveness is the efficiency with which mixing is achieved. Multiple mixing systems are sometimes used within the same device, and many methods promote mixing by being based on more than one principle.
Apart from the variety of applications of microfluidic devices mentioned above, the reason that microfluidic mixing has received such interest is that it is at present relatively difficult to achieve quick and efficient mixing when the characteristic length scale of the system is small (Ref. 19) . In macroscale mixers, such as industrial stirrers and gas turbine combustion chambers, turbulent eddies provide a quick and efficient method of mixing. The classical method of quantifying the turbulent nature of a fluid flow is through examination of the Reynolds number, defined as; (1) Where ρ is the density, u is the fluid velocity, d is a length scale that characterises the system, and µ is the absolute viscosity.
It is commonly accepted that in steady pipe flow, the transition from laminar to turbulent flow occurs in the region of Re = 2300. For the case of water (ρ = 1000 kg.m -3 , µ = 0.001 kg.m -1 .s -1 ) travelling at 1 m.s -1 in a 1000 mm channel, the resultant Reynolds number is Re = 1000, which indicates the flow is within the laminar regime. As can be seen from the form of eqn (1) , reducing the characteristic length scale of the system will produce a proportional reduction in the Reynolds number. As such for similar flow conditions in a 10 µm channel, the resulting Reynolds number would be Re = 10.
Consequently, in microscale geometries, turbulence is generally absent, and as such the mixing is limited to diffusion, and any additional mixing must be artificially induced. Figure  1 shows an example of the lack of mixing that can occur in a microfluidic geometry. Here the flow has a Reynolds number of 50 based on channel width, and as such is completely laminar. The diffusion layer between the two fluid streams barely increases along the channel length, and the two streams are still fully distinct as they exit the chip. Hence it can be seen why it is necessary to improve mixing in low Reynolds number flows.
Another important dimensionless group used for characterising a system is the Schmidt number, given by (2) where υ is the kinematic viscosity and D is the diffusion coefficient, and relates the ratio of viscous to diffusive transport. For gaseous mixing, the Schmidt number is typically Sc ≈ 1, and therefore diffusion and viscous action are comparable. However, in liquids, the Schmidt number is typically Sc ≈ 600 -3000, and therefore viscous action dominates over diffusion, meaning that fluid convection is more important than diffusion to the mixing process (Ref. 21) .
The governing equations of fluid mechanics are based around the conservation principles of mass, momentum and energy. For the purposes of discussing the mixing in microfluidic devices, the equations that model the preservation of momentum for a viscous fluid -known as the Navier-Stokes equations -are examined, and for a Newtonian fluid are given as (3) where ρ is the bulk density, U is the velocity vector, a is the acceleration due to a body force (e.g. field affects such as gravity, magnetism etc), p is pressure and µ is the absolute viscosity. The body force and pressure gradient terms can be classified as source terms, since they represent sources of momentum. The LHS of eqn (3) represents the resultant motion of a fluid as a result of the sources of momentum and the internal shearing stress (the viscosity term). Therefore, fluid motion can be produced by inducing a pressure gradient, by shearing the flow (as used in stirrers), by using an external field effect, or any combination of the above.
BASICS OF MIXING
In order to appreciate the literature that has been published in relation to micro mixer devices, the basic principles underlying mixing must be studied. In laminar flows, any mixing that occurs is limited by the diffusivity of the two phases, and as such it is important that diffusivity be examined more closely. The conservation of a chemical species can be expressed as; (4) where w i is the mass fraction of species i and S represents additional sources such as body forces, boundary conditions, chemical reactions etc. (Ref. 22) . The diffusive flux term on the RHS of eqn (4) is derived from Fick's 1 st law, where a flux is defined as the rate of fluid flow through a given area. As such the rate of diffusive mass transfer can be rearranged to give; (5) where A is the diffusion area.
From these two equations the factors that can be altered to increase the rate of mixing in a microfluidic device can be examined. From eqn (5) it can be seen that the mixing rate is proportional to the diffusion coefficient, the area across which diffusion can occur, and the concentration gradient, therefore increasing these factors will lead to an increase in diffusive mixing. Modification of the diffusion coefficient is not always an option depending on the nature of the substances being mixed. For the case of mixing particulates with a suspending fluid, then it is possible that some modification to the diffusion coefficient can be achieved. If the particles can be considered as Brownian, then an increase in temperature and reduction in particle radius would lead to an increase in the Brownian diffusion coefficient, as described by; (6) where k is the Boltzmann constant, T is the temperature, and a is the particle radius (Ref. 23) . If irreversible hydrodynamic interactions leading to a shear induced diffusion type process are present, then the diffusion coefficient is typically (7) where γ . is the strain rate, and φ is the particle volume fraction (Refs. 24, 25 & 26) . As can be seen, in this case an increase in particle size and strain rate will result in larger diffusive fluxes.
Besides modification of the diffusion coefficient, the other options are to increase the area over which diffusion can occur, and to increase the concentration gradient. Both of these methods are utilised in current devices, often with one being the side effect of trying to increase the other (see below).
As the mixing process progresses, it is natural for the concentration gradient to flatten, and therefore we would expect to see a reduction in the mixing with time.
With regard to the form of eqn (4), and the implications for mixing, it can be seen that the inertial and diffusive fluxes are in direct proportion to one another, and therefore if it is wished to increase the diffusive fluxes, the inertial fluxes must be increased (assuming that sources of concentration remain the same). The inertia terms of eqn (4) are split into the temporal and convective acceleration terms, which equate to changes in speed and direction respectively. Therefore, it can be said that rapid changes in speed and/or direction will lead to an increase in the diffusive fluxes. Rapid pulsing of the flow has been reported by various authors as an effective method of mixing (Refs. 27, 28 & 29) . Other authors have harnessed convective acceleration by forcing the fluid to follow a particularly tortuous route (Refs. 30, 31 & 32) , which also shows an increase in mixing.
QUANTIFICATION OF MIXING
When discussing mixing, it is useful to state the dimensionless groups often used to characterise the mixing process. The Peclet number is the ratio of convective to diffusive fluxes, and is given by (8) The Fourier number is defined as (9) where t r is the residence time, given by (10) where L is the channel length under consideration. The mixing time t ⌫ is given by (11) The Peclet number can be used in a variety of ways. For processes with a constant coefficient of diffusivity, the Peclet number is directly proportional to the flow rate through the device.
The Fourier number is simply the ratio of residence time to mixing time, so a Fourier number less than one indicates that the residence time is sufficient for mixing to occur. A Fourier number greater than one indicates that complete mixing is not achievable for the given geometry and flow rate, and may be reduced by either increasing the length of the channel, reducing the flow rate, or decreasing the characteristic length scale.
Methods of experimentally measuring concentration distribution and mixing vary, but many are either visual or imaging based. Fluorescence intensity is widely used (Refs. 33, 34 & 35) although this suffers from the usual problems of attenuation and background noise. Time averaged methods such as Time Resolved Fluorescence (TRF) or Luminescent Oxygen Channelling Immunoassay (LOCI) type methods are less common (Refs. 36, 37 & 38) . Another problem affecting fluorescence methods is that a substance either fluoresces or it does not, meaning that concentration gradients are difficult to visualise and quantify using this method.
Dye methods have been reported as offering greater visualisation of concentration gradients than fluorescence methods (Ref. 39 ). Image processing tools can then be used to derive quantitative data regarding concentration profiles throughout the channel under consideration.
Visualisation methods based on pH are also reported in a number of devices (Ref. 40 ). These changes in colour are generally the result of chemical reactions, and as such can be very application specific, with the advantages and disadvantages that come with that.
Methods for actually evaluating the extent and quality of the mixing achieved within a device are commonly statistical in nature. Homogeneity is defined as the 'uniformity of composition' of a mixture. As such, a common statistical method for determining and quantifying variations within a data set is the standard deviation, which is simply the sum of the variances divided by the number of data points. A variant of this method was utilised in Ref. 41 , where the coefficient of mixing was defined as: (12) Where C dev is calculated at the inlet and outlet, and is given by (13) where I is the fluorescent intensity. Examining eqn (13) reveals that the numerator is the standard deviation of the intensity distribution, normalised by the gray level amplitudes, where n is the gray bit number of the image (denominator) i.e. normalising for the overall brightness from one image to the next. Using this method leads to a C mix value of 1 for a completely homogeneous solution, and a value of 0 for a when no mixing occurs within a given channel.
The work reported in Ref. 42 derived a mixing percentage (φ) from CFD data using the following formula. (14) where N i is the mole fraction in question and V i is the local cell volume. Note that if the specifics relating to normalisation and data correction are ignored, both eqns (13) and (14) calculate standard deviation.
This statistical data can be derived from a number of sources. Results can be calculated from CFD simulations by using every cell as a sample point, or a block/slab of cells as required, and then the data output. This is especially useful since in the case of a transient simulation, it is possible to look at how the mixing progresses with time. For experimental studies using dyes or pH indicators, image processing on a pixel-by-pixel basis can also produce useful data on mixture homogeneity.
MIXING CLASSIFICATION
It is possible to classify the various reported mixing devices by the manner in which they encourage mixing, and the type of fluid flow for which they are intended. One classification that has been present in the literature for some time is the distinction between passive and active mixing systems. Passive systems could be defined as a system requiring no external power source to function, although this classification would then only incorporate surface tension and gravity driven flows, since you could argue that pumps, electric fields etc require an external power source. Instead, passive systems are defined as mixing systems that mix through virtue of their geometry and any natural flow features that arise. Active systems are defined as methods that force the fluid to behave in a manner that cannot be achieved through geometry alone. Therefore the use of pumps and electric fields for reasons of mixing rather than simple locomotion would be classified as an active mixing system.
Passive systems are generally more desirable since they are generally more reliable (due to a reduction in the number of moving parts), and since they require no extra power source, they do not put any extra strain on the total system power supply. One of the key attractions of microdevices is their portability and low power requirements, and as passive mixing systems require no extra power, they conform well to the design philosophy above.
If power supply is not an issue, or if superior mixing speeds are required by a device's application, then active mixing systems may be adopted. These tend to work in a variety of different and novel ways, and if well designed, can offer superior mixing times to many passive methods.
Another method of classifying a mixing process is defined in Ref. 21 , and relates the significance of the mixing process to overall flow dynamics. Level 1 or non-coupled mixing is defined as where the mixing process has no overall effect on the flow dynamics. Examples are density matched fluids and low concentration mixing, where the mixing process does not produce significant gradients in the physical properties such as density and viscosity. Scalars such as ink dyes and tracer particles can generally be categorised as non-coupled.
Level 2 or coupled mixing is defined as where the mixing process is coupled with the flow dynamics through significant variations of the physical properties by a variation in concentration, so that density and viscosity vary significantly with the degree of mixing. Examples include the mixing of bi-density fluids or suspensions in the presence of gravity, or anisothermic gaseous mixing where buoyancy is significant. In all these cases, the mixing process must be correctly modelled to fully describe the flow dynamics.
Level 3 or source-coupled mixing is defined as where the mixing process produces sharp changes in the fluid properties, significant enthalpy conversion or high pressure changes. This classification incorporates highly endo/exothermic reactions such as combustion, detonation and nuclear processes, where reaction products manifest as sources of concentration, heat and momentum. These sources often dominate the flowfield, and therefore are strongly coupled back onto the mixing process.
PASSIVE MIXING METHODS
In this section, the current practices used to perform passive mixing in microfluidic devices shall be discussed. Each subsection ends with a table summarising important features and references.
MULTI-LAMINATION METHODS
Many passive mixing systems used multi-lamination techniques to increase the area across which diffusion can occur. Multi-lamination generally involves bringing multiple fluid streams together in one channel, creating alternating layers of differing fluids, thereby substantially increasing the diffusion area when compared to a two stream system. If we consider the example given in Figure 1 , where the channel depth is 100 µm and the length is 190 mm, then the diffusion area is A = 1.89×10 -5 m 2 . If the number of streams were to be increased from two to four, the diffusion area would increase to 300% of the original. This can be seen from eqn (5), which shows that an increase in diffusion area leads to an increase in diffusion rate.
When considering multi-lamination methods, there are really two important factors, the diffusion or intermaterial area, and the striation thickness. The striation thickness can be related to the diffusion area per unit volume by the following equation (Refs. 43 & 44) . (15) Therefore, by measuring or predicting the average gap between striations/laminae, we can calculate the diffusion area per unit volume, and as such we can examine the efficiency of a device with regard to increase in diffusion area. One reported device (Ref. 45 ) combines two fluid streams into a 16 stream channel, and achieves 95% mixing, based on fluorescence intensity, within 15 ms, and complete homogeneity is achieved in less than a second. Reynolds numbers varied between 0.5 < Re < 31, but since no data on diffusivity is presented, the system cannot be characterised by Peclet and Fourier numbers. In this device, the configuration resulted in 30 striations across the channel following the mixing section, which for a channel width of 150 µm, results in an average striation gap of 5 µm.
Another reported device (Ref. 39 & 46) , utilises a striation gap of 85 µm, and good mixing is achieved within 2.4 mm of the stream combination, at a Reynolds number of Re = 0.03. Dye visualisation methods were used in the reported experiments, and concentration gradient data was obtained using image processing techniques.
The device reported in Ref. 47 uses a lamination technique to encapsulate bovine serum albumin (BSA) in a polymeric coating. Dispersed BSA and polymer dispersion is mixed with an extraction fluid into multiple laminae, which rapidly breakdown into droplets which formed the required microspheres. This technique is of use in the pharmaceutical industry, for the production of therapeutic drugs.
The work reported in Ref. 48 examined the use of multilamination type mixers to create foams, by mixing gas and liquids together. The study was intended as a basic examination of the effect of mixer geometry on bubble size, using standard off the shelf mixers, primarily intended for liquid/liquid mixing. As expected, non-uniform bubble sizes resulted, highlighting the application specific nature of many micromixers. Smaller feed-in channel geometries resulted in the smallest bubble sizes, and certain mixer geometries resulted in higher bubble size distributions than others. This work is of interest since it is the first example to be presented here of level 3 mixing. By interspersing a gaseous phase within a liquid phase, we introduce density discontinuities and surface tension effects, leading to strong local pressure gradients. 
Y/T/X JUNCTION CHANNELS
The use of a Y/T/X junction channel to combine two or more separate flows that are to be mixed is a common feature of many mixing devices (Refs. 49, 50 & 51) . Assuming a basic laminar flow pattern without extra mixing geometry, following the junction there is a single area across which diffusion can occur, therefore the mixing event at the junction is of outmost importance to the mixing performance of the device. Many devices utilise high flow rates to increase Reynolds numbers to transition or fully turbulent values, which significantly improves the mixing rate. Researchers in this field typically characterise the flow in the junction according to three flow regimes:
[i] Stratified -where the flow is characterised by smooth streamlines that follow the channel geometry. Mixing is diffusion limited and therefore reduces with Reynolds number due to the reduction in residence time.
[ii] Vortex -where vortices begin to build up within the channel. Here the reduction in residence time is balanced by the increase in diffusion area brought about by the vortices "stretching" the flow.
[iii] Engulfment -where axial symmetry is lost and streamline entwining leads to a significant improvement to mixing with increasing Reynolds number. This three regime behaviour is generally only seen in micron scale junction devices, since larger scale are generally run at more turbulent flow regimes (Ref. 52 ).
An early example of a junction type micromixer is given in Ref. 40 , where a T junction was used to hydrolyse phenyl chloroacetate (PCA). Results showed that the hydrolysis reaction completed within 110 s when complete mixing was achieved. The range of volumetric flow rates examined was 0.2 < Q < 2.5 mL/s, which for the device under consideration equates to a Reynolds number range of 400 < Re < 4400. From this the transition from laminar to turbulent flow should occur at Q ≈ 1.3 mL/s. The authors of Ref.
40 noted that flow rates of Q > 0.5 mL/s are sufficiently turbulent to achieve very efficient mixing. Figure 3 from Ref. 53 shows dye visualisation of flow patterns in a T junction mixer at various inlet pressures, and illustrates the three aforementioned flow regimes. As can be seen, at the Re ≈ 211 condition, the flow is laminar with very little mixing occurring. At Re ≈ 388, the flow patterns are unsteady, with a significant amount of interweaving due to the onset of vortex formation. At Re ≈ 588, the two liquids mix rapidly at the T junction due to the onset of turbulent fluctuations, which as mentioned above is commonly termed the engulfment regime. All the designs examined in this study tend to produce rapid mixing when Re < 440.
The work reported in Ref. 54 examines both T and Y junction geometries using CFD. The work examined gaseous mixing, namely methanol and oxygen. Reynolds numbers in gaseous flows are typically lower than in liquid flows, since the density to viscosity ratio is much lower. For water, ρ/µ = 1×10 6 , whereas for air at STP, ρ/µ = 6.6×10 4 , meaning that for similar velocities in the same geometry, the Reynolds number of a gaseous flow will be about two orders of magnitude smaller than liquid flow. For the work mentioned above, the typical gaseous Reynolds number was Re ≈ 6, and hence the flows were very laminar. Since the mixing in this case is diffusion dominated, reductions in inlet velocity lead to reductions in the mixing length, since it allows for a greater residence time. This is the reverse of the work from Ref. 53 , where the mixing was turbulence dominated, and as such increased in-flow velocity lead to greater turbulent fluctuations. Knudsen numbers in Ref. 54 typically varied between 10 -3 < Kn < 10 -1 , a range where wall slip conditions become significant, and were accounted for in the simulations.
Additional surface structures in the vicinity of the junction mixer can have a significant impact on mixer, as demonstrated in Ref. 55 . In this example, wells slanted at 45°to the bulk flow direction placed subsequent to the T junction significantly improved the length required to complete mixing. 80% mixing was achieved within 440 m of the junction with the structures, whereas without the structures 80% mixing required 2.3 cm, an improvement of 98%. The channels examined in Ref. 56 were X junction based, with cuboid static mixing structures on the channel walls. With Reynolds numbers up to 300, and flow obstructions extending 33% of the channel width into the flow, mixing was achieved in the near lee region of the structures, and within 0.5 ms of pressure being applied to the system. Areas of recirculation were present in lee of the cuboid structures, and the large transverse velocity component made a significant improvement to the mixing efficiency. 
SPLIT/RECOMBINATION METHODS
Another method based on the multi lamination principle is that of split/recombination methods, where a heterogeneous mixture is split and recombined in such as way as to increase the diffusion area. The geometry outlined in Figure 4 shows the basic principle of split/recombine methods. Two streams are initially combined with a horizontally aligned diffusion area, which is then split again, and would be recombined in a manner that produces multiple laminates. This method can also be applied to splitting the flows into horizontal laminates, which can then be stacked along the flow direction to produce multiple diffusion areas with multiple alignments. This stacking is often referred to in the literature as successive split-andrecombine (SAR) methods.
One paper that fully examines the mixing efficiency and flow features of a SAR device was Ref. 58 , where CFD simulation results were validated against experimental data. Figure  5 shows a visualisation of the multi-lamination induced by the mixer geometry. As can be seen, each stage of the split/recombine geometry doubles the number of lamina, effectively doubling the diffusion area. By the eighth stage, the distance between strata has become very small compared to the channel width, and an almost completely homogenised mixture is achieved. For the work described above, the length of each step in the SAR mixer was 6mm, meaning that the mixture illustrated in Figure 5 would require a mixer of length 48mm, which is obviously very compact. This paper also illustrated the appearance of chaotic advection at higher Reynolds numbers (Re < 15 approx.). Whereas some devices utilise chaotic advection to improve the mixing process (see below), in this device, the higher Reynolds numbers (Re < 30) resulted in separation of the fluid from the channel at the point of recombination. This reduced the multi-lamination effect, thereby reducing the mixing. This problem could be alleviated by scaling up the size of the micro mixer, although excessive scaling should be avoided to ensure diffusion length scales do not become small when compared with striation distances.
Another device reported in Ref. 59 , compares a SAR mixer with a helical type mixer, which mixers by tortuosity and chaotic advection. The helical mixer displayed a smaller pressure drop than the SAR mixer, although simulation data suggests that the SAR mixer produces greater mixing per unit length of the device than the helical mixer. 
TORTUOUS CHANNELS
By forcing the fluid through a tortuous channel, the flow direction is constantly altered, leading to an increase in the convective accelerations on the LHS of eqns (3 & 4) . Tortuous routes also have the effect of inducing chaotic motions in the fluid, which act to stretch and distort concentration profiles, thereby increasing the diffusion area, increasing the diffusion rate as per eqn (5). Two and three dimensional serpentine and square wave channels have been reported as an effective method of inducing the behaviour described above. Another example of work that uses channel tortuosity to promote mixing is presented in Ref. 61 . The device consists of four flow levels, constructed from nine Mylar laminates. Figure 6 illustrates the mixing effect of the channel tortuosity on the fluid streams within the device. The fluid is forced through sharp 90°turns in close succession, increasing the diffusive fluxes as per eqn (4). This process results in rapid mixing of the fluid streams. Figure 7 illustrates the overall device layout and the geometry of local structures. The two dyes are diluted within the early stages of the device (A to E), and are then combined to varying degrees, allowing for multiple mixtures of varying proportions at the outlet of the device (F). 
CHEVRON SURFACE STRUCTURES
Having chevron pattern or 'herring bone' surface structures is another popular way of inducing chaotic behaviour in an adjacent fluid. This chaotic fluid motion acts to stretch and contort the concentration profile so that the diffusion area is increased, increasing the diffusion rate. The papers from Refs. 33 & 64 give excellent coverage of this process. The chevron structures reported here have a depth that is 23% of the main channel depth, and produce significant distortion of the concentration profile. Figures 8 and 9 show the affect of the surface structures on the bulk flow passing it. The distortion of the bulk flow is clear from Figure 8 , and represents just the result of a single cycle of structures. Figure 9 shows the effect on the flowfield of a five cycle channel. The multiple cycles produce multiple laminates, significantly increasing the diffusion area. The results above were used to validate the CFD simulation work reported in Ref. 65 , where a particle tracking method was used to represent the two phases. The method reported produced results that agreed exceptionally well with the experimental data from Ref. 33 . 4.6 FLOW FOCUSING CHANNELS Flow focusing can be described as a constriction of the flow, bringing multiple streams into close proximity with each other. This is equivalent to increasing the concentration gradient ١w i by reducing the length across which it acts, thereby increasing the diffusion rate as per eqn (5).
The work previously mentioned in the T-junction section (Ref. 53) also examined the effect of using a throttle constriction to focus the flows. It was found that the smaller the constriction, the faster the time to complete mixing, although at the expense of a high pressure drop along the throttle.
The work reported in Ref. 68 reduced two streams of 300 µm each into a single channel of 100 µm. The results showed that a low flow rate of the order of 2 µL/min was required to achieve complete mixing in the channel. This reduction in flow rate was required to increase the residence time, giving diffusion enough time to mix the two fluid streams (eqns. 7, 8 and 9). A significant pressure drop was also predicted for this channel constriction.
The work of Ref. 69 combined flow focusing with a multi-laminate flow, thereby concentrating multiple laminae within a single channel of varying dimensions. The analytical methods employed in this paper produced solutions that were computed within a minute, and could easily be adapted for other focusing or multi-laminate devices, and as such would be a useful tool in optimisation studies. (4), and as the rolling motion tends to stretch and distort a concentration profile, the diffusion area is also increased. Once this has been realised, it is simply a case of providing impetus to the droplet, and examining the effects this driving force will have on the mixing process. The first reported use of a liquid droplet as a mixing chamber (Ref. 9) used air pressure to force a liquid bolus through a straight channel as part of a DNA analysis device. Unfortunately, the authors offer no discussion of how the mixing is achieved and state simply that "the drops mix together". Another device that uses air pressure to provide impetus to the droplet (Ref. 74 ) goes into greater detail as to the internal droplet motions and their effect on the mixing. For a 1.25 nL droplet, mixing time was reduced from 180 s to 30 s, a six times improvement, by shuttling three times along a channel of length 1.5 mm. Figure 10 shows the improvement in mixing produced by the shuttling process. It should be noted that the shuttling process as described here involves traversing the droplet back and forth within a single channel. Assuming that during the shuttling process there is no settling time at either end of the channel, then the Reynolds number based on channel depth is Re = 7.5×10 -3 . This value for Reynolds number is very close to the range for which the creeping flow approximation becomes valid, and as such flow reversibility will start to become evident. The back and forth shuttling process may have suffered from this reversibility, essentially undoing some of the mixing it had achieved every half cycle. A more ideal solution would have been for the shuttling to have been in one continuous direction, thereby not inducing any reversibility effects. The authors do concede however that this does seem to be the first reported example of experimentally proven droplet mixing.
Aside from using air pressure as the driving force, other authors have reported the use of electrokinetic wetting as a way of providing impetus to the droplet. Researchers at Duke University are developing electrowetting based droplet mixers for lab-on-a-chip style devices for clinical diagnostics.
Electrowetting is the name given to the dependence of the interfacial tension of a meniscus on the charge density accumulated at the interface (Refs. 75, 76 & 77) . Devices using varying arrays of electrodes have been reported (Refs. 72 & 73), with various configurations described. The first paper (Ref. 78 ) describes shuttling the droplet back and forth along a linear array of electrodes. The range of Reynolds numbers examined was 0.45 < Re < 7.2. The flow reversibility effects described earlier are not apparent for all experiments reported here, although for the experiments involving L scale droplets is still evident (see Figure 11) . The fastest mixing time was for a linear 4 electrode array running at 16 Hz, and produced complete mixing in a 1.3 µL droplet in 4.6 s. The second paper (Ref. 79 ) describes non-linear array configurations that manipulate the droplet in such a way that the flow irreversibility could not become an issue. A 2×4 array operating at 16 Hz proved the best configuration reported; the complete mixing time reported using this configuration was less than 3 seconds for a 1.4 µL droplet.
With regards to analysis of the internal rolling motion of the droplet, and the subsequent effect on the mixing, a number of papers have been produced. One paper reports work examining the motion of a circular droplet (Ref. 73) , as appropriate to the electrowetting examples above.
Another paper (Ref. 80) , examines a droplet in a slit-type channel. The paper examines the distance between striations produced as the droplet rolls through the channel. One assumption that is made in the analysis is that the length is very large compared to the width of the channel, and that no surface tension effects are present. These assumptions lead the authors to adopt a Hagen-Poiseuille approximation for the axial velocity, which for a low aspect ratio droplet would be an inapplicable assumption, due to the significant transverse convection in the vicinity of the menisci.
It should be noted that no papers concerning CFD simulations of droplet mixers were found during the research for this article. This scarcity is probably due to the computational expense of modelling flows with surface tension effects, especially when dynamic contact angles need to be considered. 
Mixing mechanism
Increase in diffusion area. 84 is fairly unique in that turbulence is achieved within a micro-scale geometry. Two liquid jets emanate from rectangular exits placed one above the other, with the axial directions of the jets placed at 90°to each other, increasing the shear acting on the jets. The initially laminar flows quickly become turbulent as it emanates from the exit planes into the mixing chamber, producing rapid mixing through turbulent action. It is the additional shearing brought about by the obliqueness of the jets that result in the transition to turbulence.
Another turbulent mixer, with Reynolds numbers in the region of Re = 4000, is reported in Ref. 85 . Figure 12 outlines the basic geometry of the device, with two streams of fluid A and B colliding at the junction of the four channels where turbulent mixing occurs. From the diagram it can be seen that if turbulence can be generated, then simple geometries can replace the complex geometries described for other methods. 86) . Due to the nature of the structure, an increase in flow rate achieved much better mixing results, which is slightly counter intuitive since a reduction in residence is usually associated with a reduction in the mixing. This shows that the Coanda surfaces do have a significant impact on the mixing efficiency.
Another novel design was reported in Ref. 87 , where hydrophobic/hydrophilic patterned substrates were used to mix two immiscible fluids. Patches of surface treatment, attractive to just one of the two phases, were patterned in a "chess board" fashion across a wall of the microchannel, causing transverse convection, leading to intermixing.
The work reported in Ref. 42 examines the early stages of the design of a recirculation chamber, where the inlet and outlet are placed at a tangent and on opposite sides to a circular or annular chamber, with the recirculation acting to stir the flow. CFD and fluorescent particle experimental methods were used to examine the flow in the chamber, with a Reynolds number range of 10 < Re < 400. The annular device showed recirculation near the inlet, but bulk recirculation did not occur until Re > 150. The circular device behaved in much the same manner, with bulk recirculation not occurring until Re > 150. The experimental results seemed to compare well with the flows predicted by the CFD simulations. The simulations predicted that the improvement in mixing over a straight channel was at best 35%, but typically in the range of 5-10%. Therefore, for this method to be effective, the design would have to be well optimised, performed multiple times through an array of mixers, or coupled with another mixing method. 
ACTIVE MIXING METHODS
In this section, the current practices used to perform active mixing in microfluidic devices shall be discussed. Again, each subsection ends with a table summarising important features and references.
STIRRER BASED
Stirrers are commonly used in large scale chemical synthesis as an effective means of producing mixing. The device reported in Ref. 88 uses an array of stirrers, actuated by rotating magnetic fields, to produce circulation loops in the flow, producing a significantly mixed flow in the lee of the stirrer. The geometry of the stirrer and mixing channel is shown in Figure 13 . Since only the flow in lee of the stirrer is fully mixed, up to the radius of the stirrer from the centreline, it would be necessary to use an array of stirrers, offset so that the flow passing through one stirrer is then mixed with the flow from another. This work was continued in Ref. 89 , where different mixing geometries were used to mix two fluid streams. Figure 14 shows an optical image of one example studied. This design produced a significant amount of mixing within 2 seconds of start-up, and as such would only really be useful for continuous flow type processes, or batch processes involving relatively large volumes. The mixing is visualised using food dye, as illustrated in Figure 15 . Another interesting aspect of this work is that the stir bar can be used as a pump when offset from the main flow channel so that only the part of the bar is in the main flow channel at a time. Flow rates of 60 nL/min were achieved with a rotation of 800 rpm in a 25 µm high, 200 µm wide channel.
CFD modelling of a stir bar has been achieved in Ref. 88 , where the stirrer was modelled as sources of momentum, producing rotation in the prescribed area. These simulation results, obtained using CFD-ACE, compared well with the accompanying experimental data. 
TRANSIENT PULSING & TRANSVERSE MOMENTUM
Another method of inducing mixing is the use of transient pulsing as a method of inducing mixing. With reference to eqn (4), an increase of the transient term will lead to an increase in the diffusive fluxes. Time pulsing has a set of associated dimensionless groups which can be used to characterise the system. The first is the Strouhal number, which represents the ratio of pulsation to inertial forces, and is given as (16) where ω is the frequency of the pulsations. Another important dimensionless group is the Womersley number, which is the ratio of pulsation to viscous forces, and is given as (17) where υ is the kinematic viscosity. Generally, the higher the Strouhal and Womersley number, the faster the mixing process. In the case of transverse momentum pulsing, where the flow is pulsed in a direction normal to the bulk flow direction, then the pulsing results in a distortion of the concentration profile, increasing the diffusion area. The work reported in Ref. 27 used pulsing from a single side channel normal to the main channel to induce mixing, with the fluids entering one each from either channel. The work, which was simulation based, examined sinusoidal pulsing of just the side channel, and then both together in different phase alignments, namely 90°and 180°out of phase. Pulsing only the side channel inlet caused a slight increase in the diffusion layer between the two liquids, although the flow remained strongly heterogeneous. The 90°out of phase pulsing significantly increased the mixing, with the diffusion layer extending across the entire main channel. The 180°out of phase pulsing produce a very different affect on the concentration profile, with longitudinal peaks and troughs in concentration, termed 'puffs' by the authors, being the result. These distorted puffs would increase the diffusion area, and as such would increase the mixing rate. The draw back of the method described in Ref. 27 is that only a single side channel was utilised, leading to asymmetries in the flow, and a lack of mixing in the region of the wall opposite the side channel entrance.
Others have reported using similar transverse pumping strategies in their devices (Refs. 28, 90 & 91) , with various takes on the same principle. 
ELECTROKINETIC METHODS
Electrokinetic methods encompass magnetohydrodynamics, electroosmosis and electrophoresis. Magnetohydrodynamics examines the use of magnetic fields to influence the behaviour of an electrically conducting fluid. Electroosmotic flow (EOF) is the motion of an ionised liquid relative to a charged surface, whereas electrophoresis is the motion of charged particles suspended within a liquid, although both are induced by the application of an electric field. All three categories have the potential as tools for aiding in the mixing process, and have been reported as such in the literature. In the paper Ref. 92 , dielectrophoresis was used to distort a stream of suspended polystyrene particles by periodic switching of an applied electric field. Dielectrophoresis is the motion of initially neutral particles that are polarised by the presence of a non-uniform electric field (Ref. 93) . In this example, the electric fields were used in conjunction with a sudden expansion/contraction section, resulting in chaotic motion, distorting the concentration profile.
The paper Ref. 94 examined the effect of electrophoresis on parameters such as diffusivity and velocity of the particles involved in an enzyme-linked immunoassay, and finally modelled an entire immunoassay cycle.
The device reported in Ref. 95 use magnetohydrodynamics to drive the flow within an annular microchannel. The device is intended for use with a DNA amplification reaction, a cyclic process particularly suited to continuous rotational flow. The work reported in Ref. 96 uses magnetohydrodynamic methods to produce counter-rotating vorticies, which has a two dimensional stirring effect on the flow, which is translated to the third dimension by Ekman pumping (see Figure 16 ). The device reported in Ref. 97 used a simple multi-lamination based micromixer to combine two streams into 15 striations, the difference being that an electroosmotic pump was used to drive the flow. Ultrasonic devices, a sub-section of acoustic devices, work on two principles, three if the use of ultrasound to provide the flow with a driving force is included, and then some other method to actually achieve the mixing. One mixing method is simple vibration, which increases both the transient and convective terms of eqn (2) . Another is the inducement of chaotic advection, which increases the convection terms of eqn (2), and causes distortion of the concentration profile, increasing the diffusion area.
The work reported in Ref. 104 uses ultrasound to exert a body force on the fluid, driving the fluid through the device. The acoustic signal is attenuated by the fluid, which absorbs the energy, converting it into kinetic energy. The mixer design described briefly in this work uses alternate pulsing of the fluid to induce mixing.
The work described in Refs. 105 & 106 uses ultrasonic vibration to induce mixing by way of a diaphragm. Small scale turbulent or chaotic advection flow patterns are observed, mixing the fluids within the relatively long time of two seconds. These papers are especially useful since significant space is dedicated to highlighting the problems with the current designs, and to the method in general. Temperature rises associated with ultrasonic excitation are discussed, along with the possibility of combining ultrasonic mixing with some of the static structures described earlier. 
DISCUSSION
There are a number of different methods for achieving mixing in micro-channels reported in the available literature. The common method of classification is to split designs into passive or active mixing methods; passive if the fluid naturally mixes, either by local geometry, or due to the presence of free surfaces, or active if external energy and moving parts are required. Devices can be classified in other ways, depending on their suitability for certain applications. Certain mixers, such as turbulent junction or jet mixers, only really lend themselves to continuous flow processes due to the high flow rates required to achieve transitional turbulent flow. On the other hand, droplet based mixers are best suited to batch processes (Ref. 12), since bubble injection and then subsequent removal could prove problematic. Aside from the question of continuous or batch process suitability, the actual application is important, i.e. what will the mixer be mixing. Chemical synthesis and biological/chemical reactions systems more commonly use micro mixers at the heart of their devices, and can be very sensitive to temperature rises, or in cases where long chain polymers are held in suspension, regions of high shear can damage the molecules. In terms of the fluid behaviour visible in these devices, there are some points of real interest. The majority of the reported devices manipulate flows that are laminar in nature. Some devices however, such as the junction and jet based methods, utilise the onset of turbulence to increase mixing. In laminar devices, which are diffusion limited, lower flow rates are preferable since the increased residence time gives greater time for diffusion to occur. In turbulent devices however, the higher the flow rate the more turbulent the flow, and therefore the better the mixing.
One source of confusion that should be clarified is the difference between turbulence and chaotic advection, as used in the literature surrounding this subject area. Advection can be defined as the transport of something (such as a species, particles, concentration etc) from one region to another. Therefore advection relates much more directly to mixing than turbulence does, since turbulence can be present in pure fluids, whereas advection relates specifically to some particular substance moving relative to another. Chaotic motion can be defined as apparently being disordered or highly sensitive to perturbation, although randomness is never associated with chaos, since chaos allows for cause and effect. Turbulence is often classified as a chaotic motion, since it has recognisable structures such as eddies, and as such, even though instantaneous values are difficult to predict, bulk timeaveraged behaviour can be quantified. To correctly differentiate between turbulence and chaotic advection when referring to micro mixing events, it is necessary to examine the sources of the two phenomena. When quantifying turbulence, the Reynolds number is often the most important parameter. As previously mentioned, the Reynolds number is the ratio of inertial to viscous forces, and when viscosity is significant in comparison to inertia, then unsteady fluctuations are damped out by viscous action. However, when inertia dominates over viscosity, unsteady recirculation eddy motions become apparent, giving rise to turbulence. It can therefore be said that turbulence is the result of the fluid having very large inertia compared to its viscosity, and that any minor perturbations will result in turbulence. With chaotic advection, even though the inertia is still larger than the viscosity, it does not dominate, and chaotic advection is the result of streamlines and currents brought about by geometrical features, not due to the insignificance of viscosity. Another feature of turbulent flow is the continuous cascade of motion length scales down to the smallest or Kolmogorov length scale (Ref. 21 ). This feature of the flow is not necessarily present in chaotic advection.
Active methods tend to have moving parts, and as such may have reliability issues, but can offer superior mixing to passive methods. Stirrer based methods offer complete mixing within very small geometries, but do so with relatively high angular velocities, and suffer from blockage problems if particulates are involved. Magnetohydrodynamic stirrers avoid this problem by not having any moving parts in contact with the flow, although similar mixing speeds are difficult to achieve. Driving force pulsing methods offer excellent and efficient mixing, although again they rely on the motion of values and actuators for their operation. Acoustic and ultrasonic mixers perform well enough, although kinetic heating, rapid vibrations and reliability are all issues for industrial use.
Optimisation methods have been applied to only a few of the systems reviewed (Refs. 28, 58 & 69) . This could help to ensure that mixing systems perform efficiently, and as such a complete understanding of the flow is required. Problems such as stagnation zones, kinetic heating and flow reversibility often need to be avoided to ensure efficient operation. Parameters such as residence time and diffusion area need to be maximised for laminar flow types, whereas high flow rates are required for turbulent mixers.
Much of the work that has been reported concerns liquid/liquid or gas/gas mixing, with some work on liquid/gas mixing. Some areas that are not widely reported are the mixing of gases and liquids with solid macro particles. Many chemical and biological assays are performed with solid label particles, and little has been reported concerning inter-particle interactions and the geometries and fabrication methods suitable to suspended particle transport.
With regard to the level of coupling between the flow dynamics and the mixing process, much of the work reported thus far can be characterised as level 1, since the products of the mixing process do not significantly influence the flow field. Dye visualisation methods are a widespread method of mixing quantification, but are only characteristic of level 1 systems. For example, if a mixer relies on turbulent action, if the product of the process has significantly lower density or higher viscosity then the turbulent action may be dissipated, reducing any subsequent mixing downstream. Or, in the case of surface tension driven flows, chemical reaction products may act to reduce surface tension, affecting the driving force.
A few studies have been reported concerning highly exothermic reactions in micro mixers (Ref. 107 & 108) , and the effect of this heat source on the overall flowfield, and therefore the mixing efficiency. Since micro-propulsion and micro gas turbines are becoming a more popular research topic, channel geometries and flow rates will have to be optimised for efficient fuel usage. The problems of experimental validation are highlighted in Ref. 108 , where temperature gradients along thermocouples led to slightly inaccurate readings.
In terms of effectiveness and efficiency, methods based around multi-laminate methods appear to out perform devices of other types. The massive increase in diffusion area means that diffusion occurs at rates that vary directly with the number of laminae. Split/recombination methods, being a type of multi-lamination are also very effective, although many multi-laminate devices split the flow into multiple streams in one step, and therefore create more laminae per step than the traditional SAR mixer. Devices that utilise the onset of turbulence get around the problem of diffusion limited mixing altogether, although the high fluid shear involved may not suit all applications. Chevron surface structures definitely induce significant mixing, and are probably suitable to higher flow rates than multi-laminate methods since little constriction of the channel is required. Channel tortuosity has been proved to be very effective at mixing, and so long as stagnation zones can be avoided, could provide an effective solution to both continuous and batch processing. Droplet based mixers have received much less attention than the other methods, most likely in part to the batch method in which individual droplets must be handled. However, the internal rolling motion of droplets has proved to be a very efficient mixing mechanism, and probably deserves greater attention, especially when small volumes are involved.
Computational Fluid Dynamics (CFD) has been a valuable tool for researchers in this field, many of which have reported good agreement between simulation and experimental results. The validation work reported in Ref. 49 described efforts to model the flowfield in a simple T-junction mixer. Simulation results predicted the three flow regimes common to these microdevices (laminar, vortex and engulfment), and further experimental investigation confirm the correctness of the results. The work reported in Ref. 67 used particle tracking to examine the flow in a chevron patterned chaotic advection micromixer. In this work the mass and velocity fields are solved as a steady state problem, and then the flowfield variables are stored and used as the basis for a transient particle tracking simulation. The results are in qualitative agreement with mixers of this type (see Figures 8 and 9 ), although work is still progressing to fully validate this method. The work reported in Ref. 101 concerning acoustic bubble mixing used a harmonic wall velocity boundary condition to mimic the effect of a vibrating bubble. This technique captured the main features of the flow, and agreed with experiment in so far as predicting the layouts that were favourable and unfavourable for mixing.
The physics and techniques involved in the applications described above are all well within the capability of most commercial CFD solvers. However the influence of electric fields is still not offered by all solvers, and adds an extra level of coupling within the solution which can prove problematic for certain applications. The work described in Ref. 99 used CFD-ACE to model an electroosmotic flow problem, and predicted mixing lengths that agreed very well with the accompanying experiment. A chevron pattern of electrodes was used to induce a lateral oscillation as the flow passed over them, leading to rapid mixing. Again, CFD-ACE was used in Ref. 100 to model an electroosmotic flow problem, with experimental results providing excellent validation of the numerical model. It has therefore been demonstrated that effective multiphysics flow solvers are commercially available.
Overall, there are a number of established methods of mixing in microscale geometries, such as multi-lamination and surface structures. There also seems to be a continuous supply of novel mixing methods, although all employ variations on the basic rules of increasing diffusion area, residence time and convection. Turbulent mixing is achievable for continuous flow configurations, and is suitable so long as high strain regions are not an issue, as they are for suspended polymers and biological components. Combining methods such as multilamination and flow focusing have produced promising results, and could be extended to incorporate chaotic advection and pulsing methods. A significant amount of material has been published with regard to transverse pumping methods, although little has been reported regarding in-line pumping, and as such remains a topic of interest. Droplet methods appear to offer excellent mixing in microlitre and smaller sample sizes, and as such have application in biological assay devices such as blood or urine tests. Flow splitting methods have been developed to such an extent that large samples can be broken down into smaller droplets allowing multiple assays to be conducted within a single device, thus rivalling more traditional lab based methods within the medical industry.
CONCLUDING REMARKS
Mixing in microscale geometries is challenging since flows are generally laminar, and consequently the mixing is diffusion-limited. The area of micro mixing is still developing, although many of the earliest methods are now well documented. Both established and more novel methods have been reviewed here, and their relative strengths and weakness for various applications discussed. Passive mixers use channel geometries and natural fluid behaviour to induce mixing, whereas active mixers use an external power source, and often involve either moving parts or electrodes. Active mixers are capable of producing more rapid mixing than passive methods, although this is often offset a reduction in reliability and the requirement to provide a power source.
In order to optimise devices, parameters such as flow rate (residence time), diffusion area and geometry need to be considered. CFD has proved to be a useful tool in the design and analysis of micro-mixing devices, and has been well validated for such diverse methods as acoustic mixing, T-junction mixers and electro-kinetic methods. Most researchers in this field report either experimental results or a combination of numerical simulation and experimental validation, and often describe the fabrication process, since this too is a developing field. Very rarely do researchers published simulation results without attempting to validate it against either their own work or that of others. Newer flow solvers that are more inclined towards multiphysics modelling are generally used, since the more established solvers typically do not perform as well when modelling such effects as surface tension and electrokinetic behaviour. The most popular experimental flow visualisation method is dye, although seeded particles coupled with various interrogation methods are gaining popularity. Image processing is used to quantify the mixing from experimental data, whereas subroutines based around the calculation of standard deviation are the most popular method of quantifying mixing from results produced by numerical simulation.
